In the cerebellum, for example, the cell bodies and denlibraries ( Figure 1A ). Two clones (clones 31 and 34) cordrites of Purkinje cells and the climbing fibers wrapping responding to divergent 5Ј ends of RBP2 cDNA were the dendrites were highly labeled ( Figure 2B ), sugisolated from the brain library. RT-PCR analysis of cDNA gesting both post-and presynaptic localizations of the from the chicken's cochlea and brain indicated that the RBPs. sequence corresponding to clone 31, which contained To further characterize the localization of RBPs, we an ATG codon downstream of an in-frame stop codon, prepared subcellular fractions of brain proteins and is more strongly expressed in both tissues than that probed them with antibodies directed against synaptocorresponding to clone 34 ( Figure 1A, inset) . We theretagmin/P65, Rab3, RIM1, RBP2, and ␣ 1D ( Figure 2C ). fore used clone 31 to assemble a full-length cDNA for As expected, synaptotagmin/P65 was enriched in the cRBP2 (GenBank accession number AY072908).
synaptic-vesicle fraction (Wang et al., 1997) . Rab3 ocThe deduced structure of cRBP2 ( Figure 1B) Figure 2E ). Consistent in mammalian cells ( Figure 1C ). tsA201 cells were tranwith its linkage to postsynaptic densities, NMDA recepsiently transfected with the ␣ 1D subunit in the presence tor type 1 (NMDAR1) was found in the insoluble fraction or absence of a myc-tagged form of RBP2 and the cell at both low and high pH. As expected, ␤-catenin, which lysates were used for immunoprecipitation. The antiis present on both pre-and postsynaptic membranes, myc tag antibodies precipitated ␣ 1D when myc-RBP2 was found in soluble and insoluble fractions; the vesicle was coexpressed ( Figure 1C) . No precipitation of the protein synaptophysin was found exclusively in the solu-␣ 1D subunit by anti-myc antibodies was observed from ble fraction. a lysate of cells expressing only ␣ 1D . Moreover, the subAs previously observed (Phillips et al., 2001 ), the precellular distribution of RBP2 was strikingly modified synaptic RIMs ( Figure 2E ) and the protein bassoon (not upon coexpression with ␣ 1D (Figure 1D ). When exshown) were insoluble at all pH values tested, indicating pressed alone, RBP2 displayed a diffuse cytoplasmic that these proteins remain associated with postsynaptic distribution, whereas ␣ 1D was clustered. When coexdensities under conditions in which the presynaptic parpressed, the two proteins showed an overlapping, clusticles are extracted. In these experimental conditions, tered distribution. These results indicate that RBP2 and we found that the RBPs' distribution was identical to ␣ 1D interact when they are coexpressed.
that of RIMs and bassoon ( Figure 2E ). The fact that RIM2 and RBP2 expressed in tsA201 cells are completely solColocalization of RBPs and ␣ 1D uble at all pH values over 6 (not shown) rules out insoluWe next determined the cellular and subcellular localizability as an intrinsic property of these proteins, and tion of RBP2 in the brain, cochlea, and retina. When strongly suggests that RBPs and RIMs belong to a same used in Western blot analysis, affinity-purified antibodinsoluble presynaptic complex in the brain. Finally, we ies directed against the carboxy-terminal region of RBP2 found that ␣ 1D was completely extracted at a pH over 8 detected four proteins in the brain (Figure 2A) . The full-( Figure 2E ), a result compatible with the partially presynlength RBP2 expressed in tsA201 cells is approximately aptic localization of this channel subunit in the brain. equal in size to the largest of these. Because antibodies Because RBPs and ␣ 1D occur together in the synaptic against RBP2 also recognize the carboxy-terminal doplasma-membrane fraction, we solubilized this fraction main of RBP1 (not shown), some of the proteins deand used it for GST-pulldown assays of native proteins. tected in the brain may have represented RBP1 and its A GST fusion protein containing the last two SH3 dosplice variants. The three smaller proteins may have mains of RBP2 quantitatively precipitated the ␣ 1D subunit corresponded to the products of alternatively spliced expressed in the brain ( Figure 2F ). Conversely, a GST mRNAs, for both genes lacking some of the exons delinfusion protein including the cytoplasmic carboxyl termieated in Figure 1A . We therefore refer to the proteins nus of ␣ 1D precipitated native RBPs. In the retina, L type Ca 2ϩ channels containing ␣ 1D and recognized by anti-RBP2 antibodies as RBPs. ␣ 1F subunits mediate neurotransmission at the ribbon of ␣ 1D . Whereas ␣ 1D immunoreactivity was specifically detected in the outer plexiform layer, the distribution of synapses of photoreceptors (Morgans, 1999 ; Strom et al., 1998). We therefore examined the distribution of RBPs was far broader ( Figure 3A ). RBPs were expressed in the outer nuclear layer, outer plexiform layer, and RBP2 in the chicken's retina and compared it to that 
Characterization of the ␣ 1D -RBP2 Interaction
The construct ␣ 1D -e, which contained only the second To identify the molecular domains through which RBP2 and third PXXP motifs, clearly bound to RBP2. By conand ␣ 1D interact, we conducted yeast two-hybrid and trast, ␣ 1D -f, a construct that retained only the third PXXP GST-pulldown assays with deletion and point mutants motif, no longer associated with RBP2. To confirm that (Figure 4) . For the pulldown assays, glutathione-Sephathe second PXXP motif is responsible for the interaction, rose beads charged with GST fusion proteins were incuwe mutated the second (␣ 1D -c/MI) or the third (␣ 1D -c/MII) bated either with lysates of tsA201 cells expressing the PXXP motif by replacing the two proline residues with alanines ( Figure 4C ). RBP2 bound to ␣ 1D -c/MII, but not full-length ␣ 1D subunit or with solubilized synaptic-mem- Figure 6C ). This result confirms determined that this motif-including the unusual threonine found in ␣ 1D -is conserved among ␣ 1A , ␣ 1B , and ␣ 1F that the SH3 domains of RBPs mediate binding to the RIMs. Moreover, the SH3 domains of RBP1 and RBP2 subunits ( Figure 5A ). ␣ 1E lacks the threonine residue in the sixth position but otherwise accords with the ␣ 1D that bind to RIM1 and RIM2 can also interact with ␣ 1D . Because each RBP possesses three SH3 domains, it sequence. We therefore examined the interaction between RBPs and the ␣ 1B subunit of the N type Ca 2ϩ might interact simultaneously with RIM and ␣ 1 . In the absence of RBP2, ␣ 1D and a RIM2-GFP fusion protein channel (Figures 5B and 5C) .
A GST fusion protein containing the last two SH3 dodid not occur together upon heterologous expression in cotransfected cells (not shown). When ␣ 1 and RIM2-mains of RBP2 quantitatively precipitated a full-length ␣ 1B subunit expressed in tsA201 cells ( Figure 5B ). Fur-GFP were coexpressed with full-length RBP2, however, the three were colocalized (Figures 6D and 6E ). This thermore, native brain RBPs were precipitated by a GST fusion protein containing the RQLPQTP motif of ␣ 1B and result suggests that RBP2 can bind RIM and ␣ 1D simultaneously. its flanking sequences ( Figure 5C ). Taken together, these results suggest that RBPs can interact with ␣ 1B and perhaps with other ␣ 1 subunits in the brain.
Inhibition of RBP Interactions Increases Hormone Secretion in PC12 Cells
To inquire whether RBPs are involved in Ca 2ϩ -SH3 Domains of RBPs Interact with RIMs RBP1 and a fragment of RBP2 were first identified by dependent exocytosis, we used a human growth hormone (GH) coexpression assay with PC12 cells. After their capacity to interact with RIM1, a synaptic protein involved in neurotransmitter release (Wang et al., 2000) .
GH and a polypeptide to be tested had been cotransfected, the cells were stimulated with a high K ϩ concenThe authors of the original study suggested that the interaction between the RBPs and RIM1 resulted from tration in the presence of Ca Heller et al., 1998) .
transfection. After extraction with a lysis solution containing 1% Triton X-100 and 150 mM NaCl in 40 mM Tris-HCl at pH 7.4, proteins Clones 1, 10, and 17 were isolated. Using a PCR product corresponding to the 5Ј terminal region of clone 10 (probe II, Figure 1A) were incubated overnight at 4Њ C with beads conjugated to antimyc antibodies (Clontech). The beads were washed four times with as a probe, we then screened a chicken brain library (5Ј-STRETCH, Clontech, Inc., Palo Alto, CA). The positive clones 31 and 34 were the same solution. Immunoprecipitated proteins were resolved by SDS-PAGE and probed with anti-␣ 1D antibody. sequenced on both strands. To obtain the full-length cDNA for RBP2, we fused clones 10 and 31 and ligated them into the pCMVFor pulldown assays, tsA201 cells transfected with full-length ␣ 1D subunit, rat ␣ 1B subunit, or brain synaptic plasma membranes were myc (Clontech) and pcDNA3.1(ϩ) vectors (Invitrogen).
For RT-PCR experiments, cochleae and brains were dissected solubilized in PBS containing 1% Triton X-100, 2 mM EDTA, and a proteinase inhibitor cocktail (Roche), then centrifuged at 100,000 ϫ g from one-week-old chickens of the White Leghorn strain and total RNAs were isolated with Trizol ( Bio-Rad, Hertfordshire, England). The same procedure was applied for immunocytochemistry of cultured neurons. Dorsal root ganglia from embryonic chickens were dissected and neurons were plated Subcellular Fractionation and cultured as described (Nishi, 1996) . The anti-SV2 antibody was Subcellular fractions of the chicken brain were prepared essentially provided by the Developmental Studies Hybridoma Bank (University as described (Jones and Matus, 1974) and were maintained at Ϫ70ЊC of Iowa). until use. Solubility analysis of synaptic proteins was conducted as described previously (Phillips et al., 2001 ). Chicken brain synaptosomes were prepared using a one-step preparation method based on 
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